ABBREVIATIONS CCM = cerebral cavernous malformation; CM = cavernous malformation; DVA = developmental venous anomaly; FND = focal neurological deficit; GK = Gamma Knife; HR = hazard ratio; mRS = modified Rankin Scale; OR = odds ratio. 
T he incidence of cavernous malformations (CMs) has been reported as ranging from approximately 0.4% to 0.8%, with the lesions commonly involving the cerebral white matter or subcortex 16 and only rarely the thalamus. 33, 42, 48, 52 Because of the presence of vital neurovascular structures within and surrounding the thalamus, hemorrhagic ictus involving these locations can lead to serious neurological deficits and poor quality of life, and surgical excision is challenging. Due to the rarity of thalamic CMs, an optimal management algorithm has remained undefined, and the literature concerning their natural history is limited. As stated by Al-Shahi Salman et al., 6 the natural history was one of the top research priorities for the study of cerebral cavernous malformations (CCMs). Prior to the largest study of 46 surgical cases, reported by Rangel-Castilla and Spetzler, 48 clinical course expectations and potential outcomes were largely unknown and often gleaned from small studies or cases reports. An impressive and thorough review had been performed by Gross et al., 16 including 33 surgically treated cases from 23 studies, but these studies were subject to selection and reporter bias. 9, 10, 12, 14, 16, 20, 24, 25, [34] [35] [36] [37] [40] [41] [42] [43] [44] 46, 47, 51 To further the understanding of thalamic CMs, we extensively reviewed clinical charts and aimed to provide a hemorrhage rate, hemorrhage risk, and prognosis of untreated CMs in a large group of patients who presented to our institution.
Methods

Participants and Study Design
Between January 2000 and January 2015, 164 patients with thalamic CMs were referred to the outpatient department of Beijing Tiantan Hospital. The modified Rankin Scale (mRS) was used to evaluate neurological status. 7 Patient selection occurred as depicted in Fig. 1 . Surgery was recommended in 31 patients (18.9%) shortly after diagnosis at our institution in cases demonstrating 1) multiple ictus; 2) lesions ≥ 2 cm in size; 3) mRS score ≥ 2; 4) hydrocephalus or intraventricular hemorrhage due to CMs; 5) exophytic lesions or lesions abutting the ependyma; 6) progressive growth in lesion size, deterioration of clinical function, or worsening of mRS score. 30, 32, 33 Twelve patients (7.3%) were excluded from the study due to previous resection (n = 2) or Gamma Knife (GK) treatment (n = 5) prior to being referred to our institution, no consent to follow-up (n = 4), or severe comorbidities (involving the brainstem, peripheral nerves, or other eloquent lobes) that might affect the accuracy of the neurological function evaluation (n = 1). All remaining 121 patients were admitted for observation. In 94 of the 121 cases, the patients were registered and entered into the longitudinal cohort study during that hospital admission; in the remaining 27 cases, the patients were not registered into the study during their initial admission, but their clinical data for the period from the initial admission to the time of enrollment were reviewed. In these 27 patients, the mean from the initial admission to study enrollment was 12.8 months (range 0.2-32.5 months, median 10.3 months).
The criteria for conservative management included 1 or more of the following: 1) nonhemorrhagic, asymptomatic, or accidental lesion; 2) small, deep-seated, and inaccessible lesion; 3) a single hemorrhagic ictus plus mild symptoms; 4) functional neurological improvement or a decrease in hematoma size prior to being referred to our institution; and 5) refusal of surgery due to surgical risk. Radiosurgery was not considered at our institution. Individualized management strategies were developed for each patient. Data were collected, and informed consent was obtained from all study participants. The Beijing Tiantan Hospital Research Ethics Committee approved the study.
Clinical and Demographic Data
During the first clinical consultation for treatment of thalamic CMs in our institution, clinical chart data were recorded, and MRI scans were extensively reviewed in each case. According to the accepted criteria, 49, 53 the diagnosis of thalamic CMs was established by 2 independent neuroradiologists. Patient data, such as family history, birth information, prior hemorrhage ictus and treatment, comorbid neurological disease, and symptoms at the time of diagnosis, were reviewed. Based on prior reported methods, data describing thalamic CMs included anatomical location (lesion side and depth), [30] [31] [32] 48 lesion size based on T1-weighted MR images, perilesional edema, Zabramski classification, 53 the presence or absence of associated developmental venous anomaly (DVA), and the presence or absence of multiple CMs (based on gradient-echo images) ( Table 1) (Figs. 2-4) . According to our previously described methods, 30 hemorrhage was defined as either intralesional or extralesional based on the MRI studies performed at the time of diagnosis. Initial presentation was classified into 3 subgroups: 1) hemorrhage with associated focal neurological deficits (FNDs), 2) hemorrhage without FND (i.e., headache, dizziness, or other symptoms not directly related to the lesions), and 3) no hemorrhage, regardless of symptoms.
A definite hemorrhage was defined as an overt intra-or extralesional hemorrhage based on radiological evidence with or without clinical event (acute or subacute, new onset or worsening of FND, or severe headache) corresponding to the anatomical location of the thalamic CMs. 4, 5, 30 A probable hemorrhage was defined as a new clinical event with relevant radiological evidence recorded outside of our facility but unavailable for us to review. The probable hemorrhage, clinical events without radiological evidence, and hemorrhages from CMs of other locations were excluded from the calculation of annual hemorrhage rate. Asymptomatic hemorrhage was defined as an overt intraor extralesional hemorrhage with a change in lesion size or signal intensity but without clinical symptomatology. A dark halo surrounding the lesion on the gradient-echo sequence was not considered a hemorrhagic ictus.
4,27,30
Follow-Up
The inception point of study participation was the date of diagnosis at our institution, and the end point was the date of a censoring event, including the most recent evaluation, death, surgery, or radiotherapy. MRI was recommended at 3, 6, and 12 months after diagnosis and then once every 2 years thereafter; the sequences included T1-and T2-weighted imaging and a T2-weighted gradient-echo sequence. Radiological examination was mandatory in cases demonstrating a suspicious hemorrhagic ictus or a clinical event to confirm the presence of hemorrhagic ictus. Prospective follow-up was obtained annually either in the clinic or via telephone, email, or written questionnaire to obtain and review MRI scans. 30, 31 Information was gathered concerning additional treatment since diagnosis, treatment effects, changes in neurological deficits, the most recent mRS score, and the score for the independent activities of daily living scale.
Statistical Analysis
The annual hemorrhage rate was calculated as the number of hemorrhages divided by the duration (in years) of follow-up per patient and was further evaluated in patient subgroups of initial presentation and hemorrhage risk (Tables 2 and 3 ). Analysis of hemorrhage-free survival began on the date of diagnosis and ended on the date of the earliest rehemorrhage or the date of censoring (most recent evaluation, death, CM resection, or radiosurgery), whichever occurred first. 5, 30, 31 Hemorrhage risks were verified by multivariate Cox regression analysis, which were further confirmed by the Kaplan-Meier method. The adverse predictors for poor neurological outcomes (mRS ≥ 2) were evaluated by multivariate binary logistic regression analysis. The adverse predictors are listed in Table 3 . The posthemorrhagic period was defined as the interval from the date of the last hemorrhage or the diagnosis if there was no hemorrhagic ictus between the initial presentation and the date of censoring. Analyses were performed using IBM SPSS Statistics (version 20.0) with the significance set at p < 0.05.
Results
Patient Characteristics
A total of 121 patients were included in the study (56.2% female), and their mean age at diagnosis was 34.1 years (range 2-67 years); their demographic and baseline clinical characteristics are detailed in Table 1 . Two patients underwent surgical excision of CMs in other locations (the right occipital lobe in 1 patient and the right temporal lobe in the other) prior to consultation at our institution. A family history of CMs was documented in 3 patients (2.5%). At diagnosis, 113 patients (93.4%) suffered a prior hemorrhage ictus, 87 patients (71.9%) presented with hemorrhage and associated FND, 19 patients (15.7%) presented with hemorrhage but without FND, and 15 patients (12.4%) did not present with overt hemorrhage. The mean mRS score was 2.2 (range 0-5) for all patients at diagnosis and 2.4 in patients presenting with hemorrhage and FND.
Based on MRI scans, 62 (51.2%) and 59 (48.8%) lesions were located in the left and right thalamus, respectively. Hydrocephalus, DVA, and multiple CCMs were observed in 24 (19.8%), 39 (32.2%), and 20 (16.5%) patients, respectively. The mean lesion size was 2.0 cm (range 0.6-3.4 cm). Perilesional edema was noted in 66 lesions (54.5%). Zabramski classification Type I, II, and III/IV were determined in 28 (23.1%), 81 (66.9%), and 12 (9.9%) patients, respectively. Lesion depth was characterized as superficial in 64 patients (52.9%), moderate in 32 patients (26.4%), and deep in 25 patients (20.7%).
General Data and Follow-Up
Return visits were recorded for 105 patients (86.8%), and the remaining 16 patients (13.2%) were followed up via telephone, email, and/or written questionnaire alone. Eight patients (6.6%) were lost to final follow-up evaluation, but their last follow-up data were reviewed and included in the analysis. The mean follow-up duration was 3.6 years (range 0.1-16.6 years, 433.1 patient-years), respectively. MRI reexamination was available and reliable in 103 patients (85.1%), and 99 patients (81.8%) underwent multiple follow-up MRI studies. Not all patients followed our advice for MRI reexamination at the recommended time points, however, and the MRI scans could be obtained and reviewed only if they had been performed, which depended on patient compliance. Usually, patients who did not return for clinical visit experienced improvement or recovery that reduced their need for medical consultation.
Three patients (2.5%, 2 females and 1 male) died of thalamic CM hemorrhage. Two patients died of unrelated causes (breast cancer and heart disease). Seven of the 24 patients diagnosed with hydrocephalus were treated with ventriculoperitoneal shunt placement rather than surgical resection of the lesion. Fifteen patients underwent GK therapy (due to rehemorrhage in 5 cases and to prevent rehemorrhage in 10 cases in which the patients had not yet experienced rehemorrhage and were not experiencing symptoms); we did not routinely recommend radiosurgery A) . At the follow-up evaluation 3 months later, the hematoma had disappeared, and the lesion had decreased in size (T1-weighted image, B) with hemosiderin evident on T2-weighted (C) and gradient-echo images (D). After a follow-up duration of 63.9 months, the patient's mRS score had decreased to 0, and he was symptom free.
FIG. 3.
Case 2. Axial MR images obtained in an untreated patient who suffered multiple hemorrhages. This 37-year-old woman presented with a medical history of hydrocephalus for which she had undergone ventriculoperitoneal shunt placement 7 years previously at another medical facility; evidence of a CM was absent except for an enhancing venous anomaly detected on the T1-weighted contrast-enhanced MRI (A). At the patient's initial visit to our institution, a left thalamic CM was identified on the T1-weighted MRI, (B) and the patient had an mRS score of 1. She subsequently suffered 3 hemorrhages, as shown on T1-weighted contrast-enhanced MRI (first ictus, C; second ictus, D and E; third ictus, F). The associated DVA was remarkable. The patient did not receive any treatment and had an mRS score of 2 at her most recent follow-up visit.
simple observation may no longer be sufficient for surgical candidates. Otherwise, patients without rehemorrhage or those who declined surgical treatment after rehemorrhage were simply followed with observation.
Hemorrhage Rate
From the time of diagnosis, 42 definite hemorrhages occurred in 35 patients (1 ictus in 28 patients and 2 in 7 patients). Of these 35 patients, 13 also had probable hemorrhages; the annual probable hemorrhage rate was estimated to be 3.5%. There was no asymptomatic hemorrhage. The mortality rate for patients with definite hemorrhage was 8.6% (3 deaths among 35 patients). The remaining 86 patients (71.7%) were free from hemorrhage after a mean follow-up duration of 3.1 years (range 0.1-16.6 years). The annual definite hemorrhage rate was calculated to be 9.7% (Table 2 ). The rate was highest in patients initially presenting with hemorrhage and FND (14.1%) (c 2 = 15.358, p < 0.001), followed by patients presenting with hemorrhage but without FND (4.5%) and patients without hemorrhage regardless of symptoms (1.2%). Other stratified annual hemorrhage rates are detailed in Table 3 and were significantly higher in patients with hemorrhagic presentation at diagnosis (11.7%, p = 0.004) or associated DVA (15.7%, p = 0.002).
The Kaplan-Meier actuarial overall hemorrhage-free survival rates for 1, 2, 5, and 10 years were 90.1%, 77.9%, 55.3%, and 47.7%, respectively (Fig. 5A) . Irrespective of symptoms, the difference in hemorrhage-free survival between patients with or without an initial presentation of hemorrhage was significant (c 2 = 6.935, p = 0.008) ( (Fig. 5C and D) . Other variables (i.e., age, sex, multiple CCMs, size, perilesional edema, depth of lesion, or Zabramski type) were not statistically significant factors.
Neurological Outcomes of Untreated Thalamic CMs
A follow-up duration of at least 1 year, at least 2 years, and at least 3 years recorded for 87 (71.9%), 70 (57.9%), and 57 (47.1%) patients, respectively, and the mean mRS score at 1, 2, and 3 years was 1.5, 1.4, and 1.3, respectively. The mean mRS score at the last follow-up evaluation was 2.0 (range 0-6) (Table 4) , which was not significantly different from the mean mRS score at diagnosis (t = 1.378, p = 0.171). Forty-six patients (38.0%) were able to carry out full-or part-time work or household duties, 42 patients (34.7%) were at least independent in daily life activity, and 30 patients (24.8%) required assistance. Compared with mRS scores at diagnosis, recent mRS scores were improved in 37 patients (30.6%), stable in 59 patients (48.8%), and worsened in 25 patients (20.7%). In patients with an initial presentation of hemorrhage and FND (n = 87), the most recent mean mRS (score 2.3, p = 0.002) was significantly higher than in the other 2 subgroups.
Multivariate logistic regression analysis identified lesion size at diagnosis (per 0.1 cm increase) (odds ratio
[OR] 3.410, 95% CI 1.272-9.146, p = 0.015) and initial mRS score (per 1 point increase) (OR 3.548, 95% CI 1.815-6.937, p < 0.001) as independent adverse predictors for poor neurological outcome (mRS score ≥ 2). However, prolonged posthemorrhagic period (per 0.1 month increase) improved the mRS score at follow-up (OR 0.932, 95% CI 0.907-0.958, p < 0.001). Other variables (i.e., age, sex, initial presentation, multiple CCMs, perilesional edema, DVA, depth of lesion, Zabramski type, or hemorrhage subsequent to initial presentation) were insignificant. Ad- 
Discussion
Thalamic CMs are relatively rare and have been reported to account for 5%-17% of CCMs; the mean rate was 8.2% across 7 previous studies dedicated to natural history. 19 Hemorrhagic ictus or mass effect could cause conspicuous deterioration of neurological function due to the presumed hypersensitivity of essential tissues to even micromorphological changes. 16, 45 The risk of future hemorrhage has not been predictable, although it is critical in determining patient management strategy and prognosis.
In the present series, we found the following. 1) The annual definite hemorrhage rate of thalamic CMs was estimated to be 9.7%, which significantly increased to 11.7% in patients with an initial presentation of hemorrhage and further increased to 15.7% in patients with associated DVA, and a relatively small percentage of patients (33.1%) underwent resection. 2) Increased lesion size and high mRS score at diagnosis predicted poor outcome. 3) At the study end point, neurological function was improved/unchanged in 79.3% of patients, although this rate decreased to 45.7% (16/35) in patients who had hemorrhages during the follow-up period (i.e., after the initial presentation). Based on these findings, we offer several observations. 1) The mode of initial presentation was useful for the prediction of hemorrhagic and neurological outcomes. hemorrhagic risks required close follow-up and repeated radiological examinations whenever possible if a clinical ictus was suspected. 3) Given the low hemorrhagic mortality rate (2.5%) and relatively acceptable overall rate of improved/unchanged condition, patient observation was adequate in the absence of a surgical indication or rejection of surgery. 4) Finally, hemorrhage during the followup period accompanied by clinical aggravation justified resection.
Hemorrhage Rate
The natural history of CCMs has been studied extensively. 5 Zabramski classification (Type I/II), 22 and DVA 18 were associated with subsequent hemorrhage. However, results from various studies have been inconsistent. Some studies failed to identify the presence of deep CMs as a risk factor for hemorrhage. 2, 26, 38 In contrast, Cantu et al. 11 and Porter et al. 45 reported a significantly higher annual rate of hemorrhage for deep CMs than lobar/superficial CMs. The adverse factors identified in our study were similar to those described in previous studies, including hemorrhagic presentation, 45 which strongly predicted future episodes of hemorrhage. Given the rupture possibility of DVAs and the intimate interaction between CMs and DVAs, CMs conferred an additional risk of extra-and intralesional hemorrhage, as illustrated in Case 2 (Fig. 3) .
Gross et al. 16 described annual hemorrhage rates ranging from 2.8% to 4.1%, with elevated rehemorrhage rates of 6.1% to 11.0%. 2 Similarly, an annual rate of CCMs reported by Gross et al. 18 was as low as 3.3% and increased to 11.3% with hemorrhagic presentation. The annual hemorrhage rate was 9.7% in our study, which was quite similar to the 11.0% for reported for basal ganglia CMs, 2 comparable to rates of 13.6% 30 and 16.7% 18 reported for brainstem CMs, and substantially lower than the 21.5% reported by Aiba et al. 2 for brainstem CMs. Our annual rate was significantly lower than that reported in radiosurgical (31.6%-32.0%) 25, 46 or surgical (~ 32.7%) studies. 43 Lesions in noneloquent areas may go undetected without scheduled, repeated monitoring via radiological films. 16 In the study by Zabramski et al. 53 the hemorrhage rate doubled from 6.5% to 13% if asymptomatic or minimally symptomatic (i.e., headache) ictus was included. The high rate in the current study was attributed to a high percentage of patients with hemorrhagic presentation (87.6%), prior hemorrhage (93.4%), and DVA (32.2%). Prior hemorrhage might imply that dilated sinusoidal vessels were less resistant to increases in blood pressure and to the inherent, potential trend of rupture after the "breakthrough of zero" (first hemorrhage) of an originally indolent, unruptured nidus. Another plausible explanation for the increased rate could be that the vital nucleus and fasciculus-intensive area of restricted space was susceptible to mass effect, ischemia, or damage caused by hematoma or thrombosis. Alternatively, some structural distinction or different deep venous drainage system could influence nidus rupture.
45
Neurological Outcomes
Neurological function outcomes based on hemorrhage have not been extensively evaluated in any study that we were able to identify in the literature, including the metaanalysis of 11 studies describing 61 cases of basal ganglia or thalamic CMs. 19 In 7 cases reported by Aiba et al., 2 outcomes were described as excellent in 4 (57.1%), but in the remaining 3 cases (42.9%), the patients had moderate disabilities, with recurrent bleeds in the eloquent area being responsible for the disabilities. In the study by Porter et al., 45 which focused on the natural history of cases of CCM in the absence of neurosurgical treatment, approximately 37% of patients with neurological deficits recovered fully, 36% achieved some recovery, and 27% did not exhibit significant improvement in neurological status.
The neurological morbidity observed in a study by Pozzati 46 of thalamic cavernous angiomas was 40%. No fatalities related to hemorrhage were reported in a majority of studies, 2, 3, 15, 18, 19, 22, 29, 31, 38, 53 but the 4.3% mortality rate in the study by Al-Shahi Salman et al. 5 was similar to the 8.6% rate in our study. In the current study, we compared outcomes based on the mode of initial presentation (Table 4) , and as expected, favorable outcomes were more likely in patients without hemorrhage at diagnosis or without subsequent hemorrhagic ictus.
Multivariate analysis identified increased lesion size and high mRS score at diagnosis as independent risk factors for poor neurological outcome (mRS score ≥ 2). An extended posthemorrhagic duration favored neurological recovery, and we postulated that regular rehabilitation and exercise would promote recovery during the event-free period rather than endorsing a theory of a time limit for recovery. 45 If risk factors were undetermined at the time of diagnosis, a wait-and-see approach was employed. If large lesion size and poor mRS score were encountered, early surgical intervention was preferred to eliminate hemorrhage risk and to prevent neurological decline. 16, 33, 48 Overall, outcome could be improved if surgery or observation was recommended to selected patients based on individual risk factors.
Implications for Management Strategy
The hemorrhage rate stratified by characteristics present in the initial presentation can be compared with the risks associated with surgical or radiosurgical intervention to determine an appropriate treatment course. According to the surgical guidelines at our institution, only a few patients (18.9%, Fig. 1 ) were referred to surgery immediately (but not on an emergency basis) after diagnosis, and the percentage of patients requiring surgical intervention during observation was 33.1%. Both of these rates were significantly inflated due to tertiary referral bias. Given the theory that early postoperative outcome might mimic an additional hemorrhagic event, 17 we roughly compared the surgical outcomes reported in 4 prior studies 16, 33, 43, 48 with the present study and found that the previously reported improved/stabilized rates of 91.3%, 48 92.6%, 33 80.0%, 43 and 75.0% 16, 33 fell in between those of patients without subsequent hemorrhagic ictus (93.0%, 80/86) and those with subsequent hemorrhagic ictus (45.7%). These findings supported the strategy of delayed surgery, which was reserved for patients who did not have surgical indications at initial diagnosis but subsequently suffered a second hemorrhage. The prospect of a future hemorrhage shifted patients' attitudes toward surgical intervention from hesitant to much more positive. Detailed consultation with patients and family members was necessary to thoroughly communicate the risks and benefits and, most importantly, to allow them to participate in treatment decisions. Although the validity of the comparison was compromised by the heterogeneity in these studies, no available literature was found that could address this issue; prospective randomized controlled trials are needed.
The present study did not aim to identify the superiority of observation over surgery. For most patients, a conservative attitude of wait and see was justified. Careful consideration was necessary before recommending surgery to patients with lesions that were particularly difficult to access, even when they had suffered multiple hemorrhages, because destruction of the normal parenchyma surrounding the lesion would likely lead to new deficits that could offset the benefits of surgery itself.
Limitations of the Present Study
Our follow-up methods constituted a limitation of our study, with assessment being performed at times via telephone or email, which made outcomes such as mRS and assessment of neurological events less valid. The fact that our patients came from across our country, not merely from regions surrounding our institution, reduced the percentage of patients voluntarily returning for clinical follow-up, especially for patients without any hemorrhagic ictus after their initial diagnosis. To improve the validity and accuracy of the neurological evaluation via telephone/ email and to minimize the bias caused by follow-up methods, evaluations were carefully performed according to a case report form, and in a few cases, photographs and/or a short video were obtained via email and were used in evaluations.
Initially, we excluded patients from natural history analysis if they had a censoring event within 12 months of diagnosis. Our reasons were as follows. 1) A duration of follow-up less than 12 months was not long enough compared with a patient's typical life expectancy to define the prognosis of the untreated lesion. 2) These subgroup patients had an inconspicuous effect on the overall annual hemorrhage rate, and they contributed only a small amount of information to the natural history study. 3) Tertiary referral bias resulted in a higher percentage of patients with severe lesions than one would see in the general population, and the cutoff of 12 months could minimize the bias in a sense. 4) The patients who underwent surgical treatment within 12 months were likely to have had lesions that were particularly aggressive rather than being representative of the whole spectrum of brainstem CMs (including relatively indolent lesions). To minimize the introduction of bias, we included patients with follow-up < 12 months in the natural history analysis but that compromised the mean follow-up duration.
The tertiary care referrals in our institution presented an obvious recruiting bias compared with other recruitment criteria such as radiological screening 3, 15 and the population-based cohort study design. 5 This referral bias limited the generalizability of our findings and overestimated the annual hemorrhage rate of thalamic CMs. Our data were not derived from a wide variety of thalamic CMs but from a subset of predominantly aggressive CMs that included a very low percentage of quiescent lesions. This subset was responsible for the continual hemorrhagic ictus. Although asymptomatic/incidental lesions were underrepresented in the present study, our findings could be applicable in other tertiary referral centers and could provide specific extrapolation to a patient population with hemorrhagic, symptomatic CMs involving eloquent areas. 19 A multicenter (at all levels) or population-based study should be considered in the future to minimize these biases.
Conclusions
This study verified adverse predictors for hemorrhage and functional outcomes of thalamic CMs and demonstrated an overall annual symptomatic hemorrhage rate of 9.7% after initial diagnosis. Clinical consultation should clearly indicate risks and benefits, and patients should be allowed to contribute to the treatment decision. The findings presented herein will be useful for clinicians and patients in the selection of an appropriate treatment plan. Our study was subject to referral bias due to the tertiary care setting, and multicenter prospective studies are needed to validate our findings.
